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Lbx1 Specifies Somatosensory
Association Interneurons
in the Dorsal Spinal Cord
plate and dorsal neural tube (Liem et al., 1997; Lee et
al., 1998; Jessell, 2000). Although TGF--related pro-
teins are able to promote the differentiation of D1 and
D2 neurons, they do not induce Pax2 neurons that
develop in the ventral alar plate (M.G., unpublished
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data). Furthermore, Pax6, which is expressed at highLa Jolla, California 92037
levels in the progenitors of dorsal Pax2 neurons (Burrill
et al., 1997), is repressed by activin (Pituello et al., 1996),
suggesting TGF- signaling may block the developmentSummary
of ventral alar plate cell types. These findings suggest
that cell types in the ventral alar plate may arise indepen-Association and relay neurons that are generated in
dently of BMP/activin signaling.the dorsal spinal cord play essential roles in transduc-
The extrinsic signals that pattern the early neural tubeing somatosensory information. During development,
activate hierachies of transcription factors that are ex-these two major neuronal classes are delineated by
pressed in a region- and cell-specific manner (Jessell,the expression of the homeodomain transcription fac-
2000). These transcription factors act sequentially, firsttor Lbx1. Lbx1 is expressed in and required for the
to subdivide the ventricular zone into defined progenitorcorrect specification of three early dorsal interneuron
domains with restricted developmental potentials andpopulations and late-born neurons that form the sub-
then to establish distinct differentiation programs in thestantia gelatinosa. In mice lacking Lbx1, cells types
neurons that emerge from each domain. Recent studiesthat arise in the ventral alar plate acquire more dorsal
have shed light on the transcriptional pathways thatidentities. This results in the loss of dorsal horn associ-
generate five early populations of postmitotic neuronsation interneurons, excess production of commissural
in the ventral neural tube (Briscoe et al., 2000; Jessell,neurons, and disrupted sensory afferent innervation
2000). Much less is known about dorsal cell types andof the dorsal horn. Lbx1, therefore, plays a critical role
how they are generated. To date, five interneuron popu-in the development of sensory pathways in the spinal
lations have been identified in the early alar plate: D1,cord that relay pain and touch.
D2, and D3 neurons that express the LIM-homeodomain
transcription factors Lhx2/9, Isl1, and Lhx1/5, respec-Introduction
tively (Liem et al., 1997); a dorsal population of neurons
that express Lhx1/5 and Brn3a (D3A neurons) (GowanThe somatosensory modalities of touch, heat, and pain
et al., 2001); and a population of Lmx1b cells that ariseare transduced by small and medium diameter sensory
in the intermediate alar plate (D4 neurons) (Pierani etneurons that synapse extensively with interneurons in
al., 2001).the dorsal horn (Willis and Coggeshall, 1991; Brown,
Functional studies examining the role transcription1981). Small TrkA nociceptive sensory neurons inner-
factors play in the differentiation of dorsal cell typesvate interneurons in the marginal zone and substantia
have primarily focused on factors that are expressed ingelatinosa (laminae I–III) (Snider and McMahon, 1998),
dividing progenitors. For instance, the proneural bHLHwhile medium sized mechanosensory neurons synapse
proteins Math1 and Ngn1 are expressed dorsal progeni-with interneurons in laminae III, IV, and V (Brown, 1981;
tor domains that give rise to Lhx2/9 neurons and Lhx1/Willis and Coggeshall, 1991). Two prominent classes of
Brn3a neurons, and they regulate the differentiation of
neurons in the spinal cord contribute to the somatosen-
these two cell types via cross-repressive interactions
sory system, dorsal association interneurons, and relay
(Bermingham et al., 2001; Gowan et al., 2001). The paired
neurons. Association neurons that comprise the sub- domain-transcription factors Pax3 and Pax7 also regu-
stantia gelatinosa predominantly project along ipsilat- late the development of dorsal cell types, such as neural
eral pathways, and they form a closed system that inte- crest cells and dorsal commissural neurons (Mansouri
grates sensory information within the spinal cord and Gruss, 1998; Dottori et al., 2001). A number of tran-
(Szentagothai, 1964; Brown, 1981). Relay interneurons, scription factors that are expressed in postmitotic neu-
many of which are commissural, are located in the mar- rons in the developing dorsal horn have been identified
ginal zone (lamina I), the deep dorsal horn, and the ven- recently. These include the homeodomain transcription
tral spinal cord. They relay somatosensory information factors Lbx1, DRG11, Isl1, Lmx1b, Pax2, and Rnx; and
to the hindbrain, midbrain, and thalamus by way of the the bHLH proteins Olf1 and Olf2 (Jagla et al., 1995; Saito
spinocerebellar, spinocervical, spinotectal, and spino- et al., 1995; Burrill et al., 1997; Liem et al., 1997; Wang
thalamic tracts (Brown, 1981; Tracey, 1985). et al., 1997; Shirasawa et al., 2000; Chen et al., 2001,
The interneurons that form somatosensory circuits in Schubert et al., 2001). However, functions for these pro-
the spinal cord are generated in the dorsal half of the teins in the development of the dorsal horn have only
neural tube, the alar plate. Among these are two dorsal been described for DRG11. Analysis of DRG11 mutant
cell types (D1 and D2 neurons), both of which are in- mice reveals that DRG11 is required for nociceptive sen-
duced by TGF--like signals that emanate from the roof sory afferents to project correctly into the dorsal horn,
but it is not necessary for the early development of the
substantia gelatinosa (Chen et al., 2001). While there are1Correspondence: goulding@salk.edu
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fewer neurons in the dorsal horns of DRG11/ mice,
this loss of neurons is incomplete and appears to occur
postnatally.
In this study, the expression of a number of transcrip-
tion factors was used to reclassify the interneuron cell
types that develop in the early dorsal neural tube. We
have identified six populations that we termed dI1–dI6
neurons. The three most dorsal populations dI1 (formerly
D1), dI2 (formerly D3A), and dI3 (formerly D2) neurons
do not express Lbx1, whereas the three ventral popula-
tions, dI4–dI6 neurons (formerly D3 and D4 neurons),
all express Lbx1. Late-born Lbx1-expressing cells that
arise from the dI4 domain differentiate as association
interneurons and form the substantia gelatinosa,
whereas dI5 and dI6 neurons accumulate in the nucleus
proprius and ventral horn. In mice lacking Lbx1, dI4
and dI5 neurons are respecified, and their transcription
factor codes are changed to those of dI2 and dI3 neu-
rons, respectively. This is accompanied by the loss of
local circuit and intersegmental interneurons that form
the substantia gelatinosa and a concomitant increase
in dorsally derived commissural neurons. The loss of
these dorsal association neurons in turn disrupts the
innervation of the dorsal horn by nociceptive afferents.
In summary, our findings demonstrate that Lbx1 plays
an essential role in generating dorsal association in-
terneurons in the embryonic spinal cord that form the
substantia gelatinosa.
Results
Figure 1. Lbx1 Expression in the Embryonic Spinal Cord
Lbx1 Is Expressed in Dorsal Horn Neurons (A and B) Lbx1 and Pax3 expression in the mouse neural tube. At
To characterize the developmental profile of Lbx1 in embryonic day (E)10.5, Lbx1 expression at the lateral margin of the
ventricular zone extends ventrally to the sulcus limitans (sl) (A). Atthe spinal cord, sections from multiple axial levels were
E12, the dorsal boundary of Lbx1 expression abuts the roof plate (B).examined from embryonic day (E)8.5 to birth using an
Note the Lbx1 cells migrating ventrally (arrowheads) and radiallyantibody that specifically recognizes the Lbx1 protein
(arrows) to form ventral and dorsolateral Lbx1 expression domains.(Gross et al., 2001). At forelimb levels, Lbx1 expression (C and D) Lbx1 expression in E16.5 wild-type (C) and GFP expression
begins in a small column of cells located at the lateral in Lbx1GFP/ embryos (D). Lbx1 is expressed in the substantia gela-
margin of the Pax3 ventricular zone (data not shown). tinosa (arrows), the nucleus proprius (asterisk), and the medial ven-
This column of Lbx1 cells expands ventrally so that by tral horn (arrowhead).
Bar: 100 m.E10.5, the ventral boundary of Lbx1 is coincident with
the sulcus limitans (Figure 1A). Lbx1 expression, there-
fore, subdivides early postmitotic neurons in the alar
Lbx1 Marks Three Early Dorsal Neuronplate into a ventral Lbx1 population and dorsal Lbx1
Populations in the Mousepopulation. Between E10.5 and E12, a marked dorsal
Sections from E10.5 wild-type mouse spinal cords wereexpansion of the Lbx1 expression domain was observed
labeled with antibodies to dorsal interneuron markers(Figure 1B). While interneurons expressing Lhx2/9,
to further define the early interneuron populations ex-Foxd3, and Isl1 were still generated dorsally to the Lbx1
pressing Lbx1. In sections stained with antibodies toexpression domain at E12 (data not shown), these popu-
Lbx1, Lhx1/5, and Pax2, three interneuron populationslations were reduced in size.
were noted within the Lbx1 expression domain (FiguresAt E16.5, cells expressing high levels of Lbx1 were
2A–2C): a dorsal population (denoted as dI4) that coex-observed in a horizontal stripe in the dorsal horn that
presses Lhx1/5 and Pax2; an intermediate populationapproximates the position of Rexed’s laminae III (Rexed,
(dI5) that coexpresses Lmx1b (Figure 2D), but does not1952) (Figure 1C, arrow); however, Lbx1 expression in
express Lhx1/5 (Figure 2E) or Pax2; and a ventral popu-other dorsal horn neurons was difficult to detect. In order
lation (dI6) just dorsal to the sulcus limitans that ex-to further analyze the expression of Lbx1, we examined
presses both Lhx1/5 and Pax2 (Figures 2B and 2C). Athe distribution of Lbx1-derived cells in heterozygous
comparison of Lbx1 expression with other dorsal in-Lbx1GFP/ embryos (Gross et al., 2001; Figure 1D). The
terneuron markers demonstrated that Lbx1 is not ex-increased sensitivity of this approach not only allowed
pressed in Lhx2/9 dI1 or Isl1 dI3 neurons (Figuresus to detect Lbx1-expressing cells in the marginal zone
2G–2I), nor is it present in neurons that express the(lamina I) and substantia gelatinosa (arrow), but also in
forkhead transcription factor Foxd3 (Figure 2I). Thesedeeper layers that most likely form the nucleus propius
Foxd3 neurons express Lhx1/5 (Figure 2F), and they(asterisk). Scattered GFP neurons were also detected
in the medial ventral spinal cord (arrowhead). develop dorsally to the dI3 neurons (Figure 2I). They are
Lbx1 Controls Dorsal Interneuron Differentiation
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Figure 2. Identification of Six Early Dorsal Neuron Populations at E10.5
(A–C) Section from an E10.5 mouse neural tube (forelimb level) labeled with Pax2, Lhx1/5, and Lbx1 antibodies. The three-channel confocal
image was split and recombined as red-green images. Pax2 and Lhx1/5 are coexpressed with Lbx1 in dorsal (dI4) and ventral (dI6) neurons.
(D and E) Adjacent sections compare Lbx1 and Lhx1/5 with Lmx1b. Lmx1b is expressed in the middle population of Lbx1 cells (D) that do
not express Lhx1/5 (E).
(F–I) Triple stains of E10.5 neural tubes show that Foxd3 labels dI2 neurons. Lhx1/5/Lbx1 dI4 neurons do not express Foxd3, which is
expressed in nearby migrating Lhx1/5/Lbx1 dI2 neurons (F). Dorsal Lhx1/5/Lbx1 neurons are generated ventral to Lhx2/9 dI1 neurons
(H). Labeling with Isl1 shows that dI2 neurons develop dorsally to the dI3 population (I). Parallel section showing Brn3a expression in dI2, dI3,
and dI5 neurons (G). Lower right panel shows a schematic summarizing transcription factor codes in the dorsal neural tube at E10.5. Horizontal
lines show the percent distance along the dorsoventral axis (% DV) for each expression domain at forelimb levels. DV expression boundaries
were measured immediately adjacent to the ventricular zone.
Bar: 50 m (A–C); 30 m (D and E); and 45 m (F–I).
distinct from dI1 neurons (Figure 2H) and correspond Two Discrete Cell Types Generate the Neurons
of the Substantia Gelatinosato the dorsal Lhx1/5/Brn3a population described by
Gowan et al. (2001). Taken together, these data delineate In a series of BrdU labeling studies, a combination of
long- and short-interval BrdU pulse experiments weresix early interneuron populations (dI1–dI6) that develop
dorsally to the sulcus limitans in E10.5 mouse embryos. used to trace the origin of association interneurons that
form the dorsal horn in Lbx1GFP/ mice (see supplementalThese same six dorsal interneuron populations are also
present in the embryonic chick neural tube (see supple- figure S2 online at http://www.neuron.org/cgi/content/
full/34/4/535/DC1). Unexpectedly, these analyses dem-mental figure S1 online at http://www.neuron.org/cgi/
content/full/34/4/535/DC1). In summary, cells express- onstrated Lbx1-expressing cells arising in the ventral
alar plate predominantly populate the upper layers ofing Lbx1 contribute to three distinct interneuron popula-
tions in the neural tube at E10.5, which we term dI4, dI5, the dorsal horn. They also revealed that the majority of
these neurons are generated between E11 and E13 andand dI6 neurons.
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Figure 3. Pax2 and Lmx1b Expression in Late-Born Dorsal Interneurons
(A–F) Pax2, Lmx1b, Lbx1, Foxd3, and Isl1 expression in the dorsal neural tube of an E11.5 mouse embryo. (A–D) A three-channel confocal
image of a section stained with antibodies to Lbx1, Pax2, and Lmx1b (A) was separated into individual channels and recombined as red-
green double-label images (B–D). Pax2 and Lmx1b are coexpressed with Lbx1 (yellow cells in [B] and [C]). Note that Pax2 cells (red) are
intermingled with newly generated Lmx1b cells (green) in (D). Adjacent sections showing Isl1 and Foxd3 are not coexpressed with Lmx1b
in late-born neurons (E and F).
(G) Section through the dorsal spinal cord of E12.5 wild-type embryo pulsed with BrdU at E11.5. Newborn neurons in the subventricular zone
(sz) express either Pax2 (cyan cells) or Lmx1b (magenta). dI5 neurons do not incorporate BrdU (asterisk). Pax2 cells and Lmx1b cells are
generated from a single large progenitor domain at E12.5.
(H) Pax2 and Lmx1b expression in adjacent sections show that neurons in the dorsal mantle zone express either Pax2 or Lmx1b.
(I) At E15.5, the dorsal neural tube has a characteristic dorsal horn shape and laminar organization. Pax2 and Lmx1b cells are intermingled,
with greater numbers of Lmx1b cells in the superficial laminae.
Bar: 75 m (A–F) and 100 m (G–I).
that neurons in the developing substantia gelatinosa (Figures 3E and F; data not shown). A decrease in the
generation of Lmx1b dI5 neurons and Pax2 dI6 neu-express Lbx1 at the time of their birth and continue to
do so until E16.5. rons was also noted in E11.5 and E12.5 spinal cords.
Triple-labeling analyses using Lbx1, Pax2, and Lmx1bIn E11.5 and E12.5 embryos, a broadening of Lbx1 and
Pax2 expression in the dorsal neural tube was observed. antibodies revealed that Lbx1-expressing cells in the
dorsal horn express either Pax2 or Lmx1b and that noneBeginning at E11.5, a second population of Lmx1b
neurons was noted at the dorsal edge of the dI4 domain of these cells coexpressed Pax2 and Lmx1b (Figure 3H).
Interestingly, Lbx1 cells that lacked Pax2 and Lmx1b(Figures 3A and 3C). These cells expressed Lbx1, but
not Pax2, Isl1, or Foxd3 (Figures 3A–3F). In sections expression were present within or adjacent to the ven-
tricular zone, indicating that Lbx1 is expressed prior tofrom E11.5 embryos, we observed a clear gap between
early-born dI5 neurons (asterisk) and this late population Pax2 and Lmx1b in late-born dorsal interneurons (Figure
3A; data not shown). The interneurons that populate theof Lmx1b neurons (Figure 6E, arrow). Late-born
Lmx1b cells also possessed smaller nuclei than early- dorsal horn, therefore, are comprised of two intermin-
gled populations that express either Pax2 or Lmx1b.born dI5 neurons, suggesting they are distinct cell popu-
lation. We refer to these late-born cells as dI4LB neurons, Both populations continue to express either Pax2 or
Lmx1b, and they form the upper layers of the dorsalin order to distinguish them from dI5 neurons and dI4LA
neurons that express Pax2. horn, including the substantia gelatinosa (Figure 3I). The
observation that neurons born prior to E11.5 only make aFrom E11.5 to E12.5, a rapid expansion of the later-
born population of Lmx1b neurons was noted, so that minor contribution to the dorsal horn (see supplemental
figure S2) argues that the early dorsoventral segregationby E12.5, the dorsal horn contained similar numbers of
Lmx1b and Pax2 neurons (Figure 3G). In conjunction of dorsal cell types seen at E10.5 plays little or no role
in the lamination of the dorsal horn. Instead, the firstwith the expansion of the late-born Lbx1 interneuron
population, the domains that generate dI1–dI3 neurons indication of distinct laminae in the dorsal spinal cord
comes from the unequal distribution of late-born Pax2-were reduced, but not absent, in the dorsal alar plate
Lbx1 Controls Dorsal Interneuron Differentiation
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Figure 4. Loss of the Substantia Gelatinosa in Lbx1 Mutants
(A–D) Nissl-stained cross-sections (level of clavicle) of E16.5 wild-type (A) and mutant (B) littermates. Lbx1 mutant spinal cords are missing
small, compact dorsal cells (boxes), and the lateral funiculus is enlarged and extends further dorsally (arrowheads). (C and D) High-magnification
images of insets in (A) and (B). Note the densely packed neurons of the substantia gelatinosa (sg in [C]) are missing in (D).
(E–H) In situs showing the loss of DRG11 (E and F) and Olf1 (G and H) expression in E16.5 Lbx1 mutant spinal cords.
(I–L) At E18.5, small calbindin (I and J) and GABA (K and L) cells are missing in Lbx1GFP/GFP mutant dorsal horns (I and J, arrowheads). Large
calbindin cells normally present in the deep laminae are located further dorsally in the mutant spinal cord (J, arrowheads). Ectopic large
GABA cells are present at the lateral edge of the gray matter (L, arrowhead).
Bar: 115 m (A and B); 150 m (E–H); and 100 m (I–L).
and Lmx1b-expressing cells in the nascent dorsal horn mutant spinal cords (Figures 4C and 4D). These small,
rounded cells constitute the substantia gelatinosa and(Figure 3I).
occupy Rexed’s lamina II (Rexed, 1952) and lamina III
in the dorsal horn (Brown, 1981; Willis and Coggeshall,
Lbx1 Is Required for Formation 1991). In addition to changes in the morphology of the
of the Substantia Gelatinosa dorsal horn, a marked decrease was noted in the expres-
The widespread expression of Lbx1 in the dorsal horn sion of DRG11 and Olf1 (Figures 4E–4H), two genes that
led us to ask whether Lbx1 plays a role in the maturation specifically mark neurons in the substantia gelatinosa
and/or specification of neurons that form the substantia (Saito et al., 1995; Chen et al., 2001). Whereas some
gelatinosa. In Nissl-stained sections from E16.5 Lbx1 residual Olf1 expression was present in the dorsal spinal
mutant spinal cords, we observed marked changes in cord of E16.5 Lbx1 mutants (Figures 4G and 4H), DRG11
the shape of the gray matter (Figures 4A and 4B), as was completely absent (Figures 4E and 4F). This loss
well as a dorsal expansion of the ventrolateral white of DRG11 was specific to the substantia gelatinosa,
matter (Figure 4B, arrowhead). Notably, fewer than 10% as expression was still present in dorsal root ganglia
of the small darkly stained neurons normally present in (Figures 4E and 4F, asterisk).
Local circuit interneurons comprise a large fractionthe dorsal horn of wild-type embryos were found in Lbx1
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of the neurons in the substantia gelatinosa, and they Lbx1 Suppresses Dorsal Interneuron Cell Fates
play important roles in transducing somatosensory in- To test whether Lbx1 antagonizes the differentiation of
formation (Willis and Coggeshall, 1991). Calbindin D28K dorsal cell types, we misexpressed Lbx1 in stage 11–12
and GABA mark two populations of local circuit in- chick neural tubes by electroporation (Dottori et al.,
terneurons that are particularly abundant in the substan- 2001) and obtained localized mosaic expression of Lbx1
tia gelatinosa (Antal et al., 1991; Li et al., 1999; Polgar et on one side of the neural tube. Overexpression of Lbx1
al., 1999). Examination of E18.5 Lbx1 mutants revealed a resulted in fewer dorsal Isl1 neurons on the electropor-
complete loss of both small diameter calbindin D28K ated side (Figure 5M, arrowhead; n  19/19 embryos
interneurons and small diameter GABA inhibitory in- analyzed), whereas Isl1 expression was unchanged fol-
terneurons in the superficial dorsal horn (Figures 4I–4L, lowing electroporation with a control vector (data not
arrows). Lbx1 is, therefore, required for the differentia- shown). Interestingly, misexpression of Lbx1 in the ven-
tion of excitatory and inhibitory local circuit interneurons tral neural tube did not markedly affect Isl1 expression
in the substantia gelatinosa. in motor neurons (Figure 5M), nor was Lhx1/5 expression
altered on the electroporated side of the neural tube
Respecification of Early Dorsal Neuron (Figure 5N; n  10/14 embryos analyzed). In contrast to
Cell Types in Lbx1 Mutants the effects of Lbx1 on Isl1 and Brn3a expression (data
We examined the expression of interneuron markers in not shown), Lbx1-expressing cells showed an upregula-
wild-type and mutant E10.5 littermates to determine if tion of Pax2 (Figure 5N; n  18/19 embryos analyzed).
Lbx1 plays a role in specifying dorsal cell types. No This induction of Pax2 by Lbx1 appeared to be cell
differences were found in the expression of Lhx2/9 in autonomous (Figure 5N, inset) and was only observed
dI1 neurons (Figures 5A and 5B), Lhx1/5 and Foxd3 in in the dorsal half of the neural tube. Taken together,
dI2 neurons (Figures 5C, 5D, 5G, and 5H), or Isl1 in dI3 these gain-of-function studies provide further evidence
neurons (Figures 5E and 5F), indicating that these three that Lbx1 suppresses the development of dorsal cell
dorsal populations are correctly specified in Lbx1 mu- types in the ventral alar plate.
tant mice. The expression of Evx1, En1, and Chx10 was
also unchanged (data not shown). In E10.5 embryos Lbx1 Specifies Late-Born Interneurons that Give
pulse labeled with BrdU and analyzed 2 hr later, few, if Rise to the Substantia Gelatinosa
any, double-labeled BrdU/GFP cells were present in The observation that the substantia gelatinosa is primar-
the spinal cords of Lbx1GFP/GFP mutants, demonstrating ily derived from Pax2 and Lmx1b neurons that are
that Lbx1 is not required for dorsal progenitors to exit born between E11 and E13 prompted us to examine
the cell cycle (Figures 5K and 5L). Pax2 and Lmx1b expression in normal and mutant lit-
Examination of E10.5 Lbx1 mutants did, however, re- termates at E11.5 and E12.5. In E11.5 Lbx1 mutants,
veal a dramatic loss of Pax2 expression in the dI4 do- Pax2 expression was dramatically reduced in the dorsal
main (Figures 5G and 5H) that, together with the marked subventricular zone (Figure 6H, arrowhead) and in the
reduction in Lmx1b expression in dI5 neurons (Figures lateral dorsal spinal cord (arrow) but was unaffected in
5I and 5J), suggested a change in the identity of these the ventral spinal cord. In E12.5 wild-type and heterozy-
two populations. Moreover, Brn3a, which normally
gous embryos pulsed with BrdU at E11.5, BrdU/Pax2
marks dI1, dI2, dI3, and dI5 neurons (Figure 2), was
cells were present throughout the dorsal subventricular
upregulated throughout the dI4 domain (data not
zone (Figure 6C, arrowhead), demonstrating that theshown). Further analysis revealed widespread ectopic
late-born population of Pax2 neurons arise from aFoxd3 expression in the dI4 domain (Figures 5C and
broad dorsal progenitor domain. In contrast, far fewer5D), suggesting dI4 neurons are respecified and differ-
Pax2 neurons were present in the dorsal horn of E12.5entiate as dI2 neurons. Ectopic expression of Isl1 in
mutant embryos (Figure 6D), and of these, few wereGFP cells was also detected throughout the dI5 domain
labeled with BrdU. We propose that the Pax2 neuronsof E10.5 Lbx1 mutant embryos (Figures 5E and 5F), indi-
still present in the mutant dorsal horn may be respecifiedcating that prospective dI5 neurons switch their identity
dI6 neurons, since dI6 neurons do not migrate ventrallyto that of dI3 neurons. Although dI6 neurons continued
in the Lbx1 mutant spinal cord. A dramatic reduction into express Pax2, these cells did not migrate ventrally
the number of Lmx1b-expressing cells was also found(data not shown), suggesting that they adopt the migra-
in Lbx1 mutants, with both the dorsal (arrow) and ventraltory behavior of dI4 neurons that follow a radial tra-
(asterisks) Lmx1b expression domains being affectedjectory.
(Figures 6E–6H). While some Lmx1b neurons were stillWe conclude that there is a broad respecification of
present in the dorsal horn (Figures 6F and 6H; arrow),three interneuron cell types in Lbx1 mutants that is re-
Lmx1b expression levels in these cells were reduced byflected in a general ventral to dorsal shift in interneuron
at least 10-fold.identity. Nevertheless, these respecified interneuron
Whereas fewer Pax2 and Lmx1b cells were detectedpopulations maintain their dorsoventral order with re-
in the dorsal neural tube of Lbx1 mutants, the expressionspect to each other (i.e., dI4 neurons become dI2 neu-
domains of Foxd3 and Isl1 were greatly expanded (Fig-rons, dI5 neurons develop as dI3 neurons, and dI6 neu-
ures 6I–6L). In E11.5 Lbx1 mutant spinal cords, ectopicrons behave as dI4 neurons; see Figure 10). Thus, Lbx1
Foxd3/GFP neurons were distributed throughout theappears to function as a selector gene that helps parti-
dI4 domain (Figure 6F; arrow). In E12.5 mutants, thesetion early postmitotic neurons in the alar plate into two
Foxd3 neurons were interspersed with neurons ex-populations: a dorsal Lbx1 population that gives rise
pressing residual low levels of Lmx1b (data not shown),to dI1–dI3 neurons and a ventral Lbx1 population that
generates dI4–dI6 neurons. suggesting that Foxd3 is upregulated in neurons that
Lbx1 Controls Dorsal Interneuron Differentiation
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Figure 5. Regulation of Dorsal Markers by Lbx1
(A–J) Sections from E10.5 heterozygous Lbx1GFP/ (/) and homozygous Lbx1GFP/GFP (/) littermates stained with antibodies to dorsal
interneuron markers. Similar numbers of migrating Lhx2/9 dI1 neurons are present in heterozygous and mutant embryos (A and B, arrows).
There are no ectopic Lhx2/9/Lbx1 cells in the mutant. (C and D) Foxd3 is ectopically expressed in the dI4 domain of Lbx1/ embryos (D,
arrowhead). Migrating Foxd3 dI2 neurons (red) are indicated by arrows. (E and F) Ectopic Isl1 expression in the dI5 domain of mutant embryos
(F, arrowhead). Note the Isl1/Lbx1 cells migrating ventrally from the dI3 domain (arrow). (G and H) Pax2/Lhx1/5 neurons (yellow) are
missing in the dI4 domain of Lbx1 mutants (H, arrowhead). Note Lhx1/5 expression (red) does not change. (I and J) Lmx1b expression in the
dI5 domain of Lbx1 mutants. The mutant image shown was taken at higher gain in the green channel to demonstrate transient expression of
Lmx1b in the mutant (J, arrowhead).
(K and L) Lbx1 expression in E10.5 heterozygous and mutant spinal cords 2 hr after a BrdU pulse. Double-labeled cells are absent in
heterozygous and mutant Lbx1 embryos.
(M–O) Ectopic expression of Lbx1 in chick embryos. A vector containing an Lbx1-IRES-GFP expression cassette under the control of the
-actin promoter was electroporated into stage 11–12 chick embryos. Sections showing Isl1 (M), Lhx1/5 (N), and Pax2 (O) expression. Lbx1-
expressing cells are marked by GFP expression ([M]; [N] and [O], insets). Isl1 expression in the dI3 domain is no longer detected on the
electroporated side (M, arrowhead), although expression is maintained in motor neurons. Lhx1/5 expression on the electroporated side (N,
right) is unchanged. Ectopic Pax2 is seen dorsally on the electroporated (O, arrowhead), but not control side (left). Induction of Pax2 is
restricted to Lbx1-expressing cells that are marked by GFP (inset).
Bar: 50 m (A–F, I, and J); 70 m (G and H); and 35 m (K and L).
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Figure 6. Respecification of Late-Born Lbx1 Neurons in Lbx1 Mutants
(A–D) Pax2 expression. In E11.5 Lbx1 mutants, Pax2-expressing cells are missing in the lateral dorsal horn (arrow) and subventricular zone
(arrowhead) but are still present ventrally (B). The mutant image (B) was taken at higher gain to show residual Pax2 expression (arrowhead).
At E12.5, far fewer Pax2/BrdU neurons (yellow cells) are present in the dorsal horn (arrow) and dorsal subventricular zone (arrowhead) of
mutant embryos (C and D). In Lbx1 mutants, a few BrdU cells near the subventricular zone express low levels of Pax2. Pax2 expression is
unchanged below the sulcus limitans (dashed line). A population of dorsal Pax2/BrdU neurons are present in the ventral dorsal horn of
mutants (asterisk).
(E–H) Lmx1b expression (E) In heterozygous Lbx1GFP/E11.5 embryos, Lmx1b expression marks ventral dI5 neurons (asterisk) and a population
of late-born dI4LB neurons (arrow). Note the gap between both populations of Lmx1b cells. (F) Lmx1b is no longer expressed in E11.5 Lbx1GFP/
GFP mutants. (G) At E12.5 Lmx1b is robustly expressed in the dorsal half of the neural tube and dI5 neurons form a cluster of large bright cells
near the lateral margin of the gray matter (asterisk).
(H) In E12.5 Lbx1GFP/GFP spinal cords, Lmx1b is expressed in a few dorsal neurons at low levels (arrow) and Lmx1b expression in the normal
dI5 expression domain is missing (asterisk). The mutant image was taken at higher gain to document transient low-level Lmx1b expression.
(I–L) Ectopic expression of Foxd3 and Isl1 in dI4L neurons in Lbx1 mutants. In sections from an E11.5 mutant spinal cord, Foxd3 is ectopically
expressed in GFP cells (yellow cells in [J]). Ventrally-migrating Foxd3 I2 neurons (red) are also present at E11.5. (K and L) In E12.5 mutants,
Foxd3 cells (red) are generated throughout the dorsal spinal cord (arrow). Note the increased numbers of Foxd3 cells, compared to a
heterozygous littermate (K). There are also increased numbers of Isl1 neurons (green) in the mutant. Isl1 and Foxd3 are expressed in separate
but intermingled populations. (L, inset) Many of the ectopic Isl1 neurons (green) express low residual levels of Lmx1b (red).
Bar: 100 mm (A–H) and 80 m (I–L).
normally express Pax2. We also detected large numbers (Figure 6L), with both cell types being generated in a
“salt-and-pepper” fashion. We have also noted that Isl1of ectopic Isl1 neurons throughout the dorsal horn in
E12.5 mutant spinal cords (Figure 6L, arrow) where late- is exclusively expressed in cells with low residual levels
of Lmx1b, indicating Isl1 comes on in these cells asborn Lmx1b neurons are normally generated. These ec-
topic Isl1 neurons were intermingled with Foxd3 cells Lmx1b is turned off (Figure 6L, inset). Isl1 is, therefore,
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ectopically expressed in dI4LB neurons, thereby recapit- eral and caudal to the injection site, demonstrating that
dI2 neurons are ascending commissural neurons. Inulating the respecification of dI5 neurons seen at E10.5
(Figure 5). equivalent sections from Lbx1 mutant embryos injected
with R-dex, we noted a 3- to 4-fold increase in the num-
ber of Foxd3/R-dex neurons with ascending commis-Respecified Lbx1 Neurons Exhibit Altered
sural axons. This increase appears to be primarily dueMigration Patterns and Axon Projections
to the labeling of supernumerary Foxd3/GFP neurons,Association interneurons in the substantia gelatinosa
indicating they also project commissurally in a mannereither synapse locally with neurons in the dorsal horn
that is analogous to the endogenous dI2 neuron popula-or extend axons ipsilaterally within the dorsal funiculus
tion. Taken together, these data provide further evi-and lateral fasciculus (Szentagothai, 1964). Their precur-
dence that Lbx1-derived neurons are respecified as dI2sors, dI4 and dI4L neurons, migrate along radial trajector-
neurons in Lbx1 mutants.ies and accumulate in the dorsolateral spinal cord (Fig-
A number of morphological changes that indicated aure 10). In contrast, dI1 and dI2 neurons migrate ventrally
loss of ipsilaterally projecting neuronal cell types weretoward the intermediate and ventral spinal cord (this
also present in the Lbx1 mutant spinal cord. In particular,study), and dI1 neurons extend axons across the ventral
E16.5 mutant spinal cords were missing a bundle ofcommissure (Bermingham et al., 2001). To assess
GFP axons in the dorsal white matter that correspondwhether the loss of Lbx1 causes respecified Lbx1 neu-
to the lateral fasciculus proprius (Figure 7M, arrow). Therons to adopt the migratory behavior of dI2 and dI3
lateral fasciculus proprius is made up of axons fromneurons, we examined the migration of GFP-labeled
lamina III intersegmental interneurons, suggesting thatneurons in heterozygous and mutant Lbx1 embryos. In
these ipsilaterally projecting interneurons are absent inE11.5 heterozygous Lbx1 embryos, dI5 neurons aggre-
the mutant spinal cord. A marked reduction in the sizegate in a lateral cluster above the motor column (Figure
of the dorsal funiculus was also noted in spinal cords7A). In mutant embryos, however, we detected an ec-
from E18.5 mutants (Figure 8B, arrowhead). The dorsaltopic population of ventrally migrating Isl1/GFP cells
funiculus is primarily comprised of axons from sensorywithin the ventral horn (Figure 7C). These ectopic Isl1/
neurons and intersegmental lamina II interneuronsGFP cells incorporated BrdU when pulsed at E10.5 and
(Szentagothai, 1964; Brown, 1981). TrkA and TrkCare therefore likely to be respecified dI5 neurons that
fibers appear to enter the dorsal white matter in normalmigrate ventrally like dI3 neurons. Increased numbers
numbers (Figure 8), indicating that the reduced size ofof GFP neurons in the medial ventral horn were also
the dorsal funiculus in Lbx1 mutants is most likely duepresent in E12.5 Lbx1 mutant embryos (Figures 7D–7F),
to the loss of lamina II neurons. This conclusion is con-and these cells were located where ventral commissural
sistent with the agenesis of calbindin D28K and GABAneurons are typically found (Moran-Rivard et al., 2001;
local circuit interneurons that occur in the dorsal hornPierani et al., 2001). The ectopic GFP neurons were
of Lbx1 mutant embryos (Figures 4I–4L). In summary,not labeled with BrdU pulsed at E11.5 (Figure 7E) and
the loss of ipsilateral axon tracts in the dorsal horn ofare therefore likely to be early-born Lbx1-derived neu-
Lbx1 mutants, together with an increase in the numberrons that migrate ventrally like their dorsal commissural
of Foxd3commissural neurons, argues that ipsilaterallyneuron counterparts.
projecting interneurons in the substantia gelatinosa areA pronounced increase in GFP staining was also noted
respecified and differentiate as commissural neurons.in the ventral funiculus of the Lbx1 mutant spinal cord
(Figure 7E, arrow) where the axons of commissural neu-
rons project. To test whether supernumerary ventral Altered Sensory Projections in Lbx1 Mutant Mice
Association interneurons in the substantia gelatinosaGFP cells are commissural neurons, we analyzed the
axonal projections of these cells by retrogradely labeling are extensively innervated by unmyelinated C fibers and
small diameter A fibers from TrkA sensory neuronsE12.5 heterozygote and mutant spinal cords with rhoda-
mine-conjugated dextran (R-dex). In heterozygous em- (Snider and McMahon, 1998). We therefore examined
the projections of TrkA afferent fibers into the dorsalbryos, we observed GFP/R-dex neurons contralateral
to the injection site (Figure 7G). These GFP/R-dex horn of wild-type and Lbx1 mutant mice to determine if
the loss of association neurons in Lbx1 mutant miceneurons were typically found within 300 m of the injec-
tion site and are therefore likely to be locally projecting alters sensory afferent innervation of the dorsal horn.
Whereas large numbers of TrkA fibers were presentcommissural neurons. In equivalent sections from mu-
tant spinal cords, we observed a 3- to 4-fold increase throughout the substantia gelatinosa of wild-type em-
bryos (Figure 8A, arrow), very few TrkA fibers werein the number contralateral to ascending R-dex/GFP
neurons in the medial ventral horn (Figure 7H, arrow- detected in the mutant dorsal horn (Figure 8B), even
though wild-type and Lbx1 mutant mice contained simi-heads). Ectopic expression of Isl1 (Figure 7I, arrowhead)
and Foxd3 (Figure 7I, arrow) was also observed in these lar numbers of TrkA sensory neurons in their DRG (Fig-
ures 8A and 8B, inset). Differences in TrkC axon path-GFP cells, further supporting our conclusion that this
population is largely comprised of respecified Lbx1 neu- finding were also noted in Lbx1 mutants. While ventrally
projecting TrkC fibers were present in the E18.5 mutantrons. We then examined the axonal projections of
Foxd3 neurons present in the ventral horn. In Lbx1GFP/ spinal cords, these axons were less fasciculated and
meandered more than their wild-type counterparts (Fig-embryos, Foxd3 neurons in the medial ventral horn do
not label with GFP and are, therefore, dI2 neurons. When ure 8D, arrow). Nevertheless, TrkC axons appear to
still project ventrally toward motor neurons, suggestingR-dex was injected into these embryos, double-labeled
Foxd3/R-dex cells were primarily located contralat- this proprioceptive pathway may still be intact.
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Figure 7. Altered Migration and Morphology of Lbx1-Derived Neurons in Lbx1 Mutants
(A) Lmx1b dI5 neurons (arrow) are normally located dorsally to the motor neurons (MN) at E11.5.
(B and C) Isl1 is ectopically expressed in an enlarged GFP cell population in E11.5 Lbx1GFP/GFP embryos (yellow cells in [C]). These cells
migrate toward the floor plate between the ventricular zone and Isl1 motor neurons (red).
(D and E) Cross-sections at forelimb levels of E12.5 littermates stained with antibodies to GFP (green) and BrdU (red). Embryos were pulsed
with BrdU at E11.5. Note the increased ventral migration of GFP cells that are born before E11.5 (asterisks) and the increase in GFP axonal
staining in the ventral white matter of Lbx1GFP/GFP embryos (arrows). A second ectopic population of GFP cells is also present in Lbx1 mutants
(arrowhead).
(F) Quantification of ventrally located GFP neurons in E12.5 heterozygous (/) versus homozygous mutant (/) embryos.
(G–K) Sections showing R-dex (dextran) labeling of neurons in the ventral horn of E12.5 heterozygous and mutant Lbx1 embryos. Axons in
the ventral/ventrolateral funiculus were cut and labeled with R-dex at upper thoracic levels. Alternate sections were stained with antibodies
to GFP (D and E) or Foxd3 (G and H). The sections shown are contralateral and rostral to the injection site. Note the increased numbers of
ascending GFP/R-dex and Foxd3/R-dex commissural neurons in the Lbx1 mutant spinal cord. (I) Section of an E12.5 mutant spinal cord
at forelimb levels showing ventral GFP neurons (green) that ectopically express Foxd3 (yellow) and Isl1 (cyan).
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Figure 8. Altered Innervation of the Dorsal
Horn in Lbx1 Mutants
Brachial level sections of E18.5 embryos
stained with antibodies to TrkA and TrkC. In
(A) and (B), TrkA afferents that invade of the
substantia gelatinosa in wild-type embryos
(A) are largely excluded from the dorsal horn
in Lbx1 mutant embryos (B). Mutant and wild-
type embryos contain similar numbers of
TrkA sensory neurons ([A] and [B]; insets).
In (C) and (D), TrkC afferents in both wild-
type (C) and Lbx1 mutant (D) spinal cords
enter the deep gray matter. TrkC staining of
DRG cell bodies is unchanged (inserts). In
wild-type animals, the medial TrkC projec-
tions appear to be more robust and tend to
project more directly toward the motor neu-
ron pools in the ventral horn.
Bar: 100 m
Dorsal Interneurons Undergo Apoptosis Discussion
in Lbx1 Mutant Embryos
In this study, we show Lbx1 controls a key early step inIn examining spinal cords from late gestation and new-
the differentiation of association neurons that are centralborn Lbx1 mutants, we observed changes in morphol-
targets for sensory afferent fibers in the dorsal horn.ogy that appeared to be coupled to a substantial reduc-
Our findings set forth a number of important points withtion in neuronal cell numbers. In P0 mutant mouse
respect to the early development of the dorsal horn.embryos, the substantia gelatinosa was absent at all
First, Lbx1 functions cell autonomously to establish thespinal cord levels (Figures 9A and 9B) and blind cell
identity of three early interneuron populations in thecounts revealed 30% fewer neurons at all spinal cord
dorsal neural tube. Second, the Lbx1 neurons that formlevels (Figure 9C). This reduction in neuronal cell num-
the substantia gelatinosa are born between E10.5 andbers was first noted at E14.5 (data not shown), by which
E13. They express either Pax2 or Lmx1b, and Lbx1 istime neurogenesis has ceased in the spinal cord (see
required for the correct specification of both cell types.supplemental figure S2 online at http://www.neuron.org/
Third, in Lbx1 mutants, Lbx1 neurons exhibit changescgi/content/full/34/4/535/DC1). To assess whether cells
in their axon trajectories and migratory behavior thatin the dorsal spinal cord of Lbx1 mutants undergo pro-
further demonstrate dorsal association neurons are re-grammed cell death, TUNEL assays were performed
specified as commissural neurons. Fourth, many of the
each day between E10.5 and E16.5. Mutant-specific
incorrectly specified neurons in Lbx1 mutants undergo
apoptosis in the dorsal horn was only observed at E13.5 programmed cell death, and this contributes to the later
and E14.5 (Figures 9D–9G), in the dorsomedial spinal loss of the substantia gelatinosa. Finally, in Lbx1 mu-
cord (Figures 9B and 9D). During this period, we ob- tants, the axons of nociceptive neurons fail to invade
served a substantial decline in the number of Isl1 neu- the dorsal horn, causing defects in sensory afferent in-
rons in the dorsal horn (Figures 9E and 9G). Interestingly, nervation. Taken together, our findings outline an essen-
we have found that Foxd3 neurons are still present in tial role for Lbx1 in generating the association interneu-
the dorsal horn of late gestation mutant embryos (data rons of the substantia gelatinosa that transduce somatic
not shown), suggesting that it is the dI4LB neurons may sensation in vertebrates.
preferentially undergo programmed cell death. These
dI4LB neurons are among the last neurons generated in The Laminar Organization of the Mature Dorsal
the dorsal neural tube, and they are abundant in the Horn Is Independent of Early DV Patterning
upper layers of the dorsal horn that form the substantia The dorsoventral laminar organization of cell types in
the dorsal horn is a prominent feature of the adult spinalgelatinosa (Figure 3I).
(L and M) Side view of whole mounts of E16.5 Lbx1GFP/ and Lbx1GFP/GFP mutant spinal cords showing that the lateral fasciculus is absent in Lbx1
mutants (arrow).
Abbreviations: MN, motor neurons.
Bar: 35 m (A–C); 120 m (D and E); 35 m (G–K); and 100 m (L and M).
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laminar organization of the dorsal horn arises by a mech-
anism that is unrelated to the dorsoventral patterning
of neuronal cell types that occurs in the early neural
tube. Our findings also reveal a clear difference in the
way early-born and late-born dorsal cell types are gener-
ated in the embryonic spinal cord. In particular, late-
born Pax2 and Lmx1b interneurons that give rise to
the substantia gelatinosa are generated together in a
salt-and-pepper fashion (Figure 3). This raises the possi-
bility that during neural tube development, there is a
second wave of cell-type specification, allowing for the
diversification of late-born neuronal cell types that arise
from a single progenitor domain. The mechanism by
which this occurs is presently not known.
Lbx1 Expression Defines an Early Subdivision
in Dorsal Cell Types
Spinal somatosensory neurons can be grouped into two
major functional classes: relay neurons and dorsal asso-
ciation interneurons. Our findings provide a molecular
rationale for the early specification of these two neuronal
classes by revealing that Lbx1 partitions dorsal postmi-
totic neurons in the alar plate into two populations: dor-
sal Lbx1 cells, which we propose develop as somato-
sensory relay neurons and ventral Lbx1 neurons
(including late-born Pax2 and Lmx1b neurons), which
differentiate as dorsal association interneurons. Inter-
estingly, this major subdivision in dorsal cell types ap-
pears to reflect the early patterning of cells in the alar
plate by TGF--signals. Both dI1 neurons and dI3 neu-
rons (and presumably, dI2 neurons) are induced by
BMPs and activin (Liem et al. 1997; Jessell, 2000),
whereas neuronal cell types that are born further ven-
trally may arise independently of TGF- signaling (Pier-
ani et al., 1999; Jessell, 2000; Mu¨ller et al., 2002 [this
issue of Neuron]).
In older embryos, the position of these two major
classes of cells within the spinal cord becomes inverted.
Lbx1 neurons that arise ventral to dI1–dI3 neurons mi-
grate laterally, and they populate the superficial layers
of the dorsal horn. Many of these Lbx1 neurons extend
Figure 9. Programmed Cell Death in the Spinal Cord of Lbx1 Mu- axons ipsilaterally (Figure 7; data not shown), and they
tants differentiate as intersegmental interneurons and local
(A and B) Haematoxylin-eosin-stained sections of P0 wild-type and circuit interneurons. In contrast, somatosensory relay
Lbx1 mutant spinal cords at forelimb levels showing the loss of the neurons in the spinal cord appear to develop from early-
substantia gelatinosa in newborn Lbx1 mutant mice (*).
born neurons that are generated in the dorsal alar plate(C) Blind cells counts showing fewer neurons in P0 Lbx1 mutant
and subsequently migrate ventrally. dI1 neurons givespinal cords. Error bars represent a standard percent counting error
rise to a population of commissural interneurons thatobtained in duplicate blind counts.
(D–G) TUNEL cells (red) are seen in the dorsal horn of E13.5 and settle in the deep dorsal horn (Helms and Johnson, 1998)
E14.5 Lbx1/ embryos (E and G), but not in heterozygous littermates and contribute to ascending pathways, including the
(D and F). Sections were also stained with antibodies to Isl1 (green). ventral spinocerebellar tract (Bermingham et al., 2001).
Note the decrease in the mutant of ectopic dorsal Isl1 neurons
dI2 neurons also project commissurally (Figure 7), andfrom E13.5 (E) to E14.5 (G).
they accumulate in laminae VI, VIII, and X, where spino-Bar: 120 m
thalamic tract neurons reside (Brown, 1981; Tracey,
1985). Finally, dI3 neurons possess long ascending ax-
ons, some of which project ipsilaterally (M.K.G. and K.cord (Rexed, 1952). Whereas neurons in the early dorsal
Sharma, unpublished data), suggesting that they mayneural tube are segregated into six dorsoventrally re-
also contribute to ascending pathways.stricted populations (Figure 10), we have found that
most, if not all, neurons that form the upper laminae of
the dorsal horn arise from a single late precursor do- Lbx1 Is a Postmitotic Determinant
of Dorsal Interneuron Cell Fatemain, the dI4L domain. These cells are comprised of two
intermingled populations that are dispersed throughout Three convergent lines of evidence demonstrate that
Lbx1 functions as a postmitotic determinant to specifythe dorsal horn rather than being segregated into dis-
tinct laminae (Figure 3). Thus, it appears that the mature ventral cell types in the dorsal neural tube. First, misex-
Lbx1 Controls Dorsal Interneuron Differentiation
547
Figure 10. Lbx1 and Dorsal Interneuron Dif-
ferentiation
(A) Six early classes of dorsal interneurons
(dI1–dI6) are present in E10.5 wild-type em-
bryos (left). Neurons generated from the three
most ventral domains (dI4–dI6) express Lbx1.
The arrows indicate the migration of each cell
type. dI1, dI2, and dI3 neurons migrate ven-
trally past the dI4 and dI5 domains. dI1 and
dI2 neurons project commissurally. dI4 and
dI5 neurons migrate laterally, whereas dI6
neurons migrate ventrally. In the Lbx1 mutant
neural tube (middle), the transcription factor
codes of dI4–dI6 neurons change to those of
dI2-dI4 neurons. Respecified dI4 (dI2) and dI5
(dI3) neurons migrate ventrally, whereas re-
specified dI6 (dI4?) neurons do not. A sche-
matic showing Lbx1 represses the differenti-
ation of dorsal cell types that are induced by
dorsal BMP signals (right).
(B) Model showing the epistatic relationships
between Lbx1, Pax2, and Foxd3 in dI4LA neu-
rons, and Lbx1, Lmx1b, Isl1, and DRG11 in
dI4LB neurons. A proposed relationship of
early dorsal populations to mature neuron cell
types is indicated.
pression of Lbx1 suppresses the expression of Brn3a as we have not found any markers that clearly discrimi-
nate between dI4 and dI6 cells.and Isl1 in dI2 and dI3 neurons, while concomitantly
inducing Pax2 (Figure 4). Second, in mice lacking Lbx1, In Lbx1 mutant embryos, excess dorsal commissural
neurons are generated at the expense of dorsal associa-the transcription factor profiles of dI4 and dI5 neurons
are altered to those of dI2 and dI3 neurons, respectively tion interneurons. Many of these respecified neurons
ectopically express Foxd3 and they differentiate as(Figures 5 and 6). Finally, in Lbx1 mutants, respecified
Lbx1 neurons exhibit alterations in their axon trajector- commissural neurons (Figure 7). Furthermore, these su-
pernumerary Foxd3 neurons, like their normal dI2ies and cell body migration that are consistent with their
newly adopted fates (Figure 7). The observation that counterparts, migrate ventrally and settle in the ventral
horn (Figure 10). Interestingly, whereas many of the re-Lbx1-derived neurons are respecified in a systematic
manner in Lbx1 mutants argues that additional factors specified Lbx1 neurons that are born before E11.5 mi-
grates toward the ventral horn, those born after E11.5act together with Lbx1 to specify distinct dorsal cell
fates. Two excellent candidates for cooperating with accumulate in the dorsal horn (Figure 7). While it is possi-
ble that these late-born neurons are unable to differenti-Lbx1 are the LIM-HD transcription factors Lhx1 and
Lhx5. Both are expressed in dI2, dI4, and dI6 neurons ate as commissural neurons, their failure to migrate ven-
trally might be due to temporal changes in the signals(Figure 2), and their expression is unchanged in Lbx1
mutants. We propose that Lhx1 and Lhx5 promote even- that control the migration of dorsal commissural neu-
rons. Support for the latter possibility comes from thenumbered cell fates, while at the same time suppressing
dI1, dI3, and dI5 fates. In Lbx1 mutants where there is observation that netrin-1 expression is upregulated in
the lateral dorsal horn from E11.5 onward (Serafini eta general ventral to dorsal shift in cell fate, prospective
dI4 neurons differentiate as dI2, but not as dI1 or dI3 al., 1996). Consequently, dorsal commissural neurons
born after E11.5 are likely to encounter a dorsal sourceneurons. Likewise, neurons derived from the dI5 domain
that do not express Lhx1/5 are unable to differentiate of netrin-1, which may prevent them from migrating ven-
trally. While this hypothesis is still untested, one predic-as dI2 or dI4 neurons and instead develop as dI3 neu-
rons. Why, then, do neurons in the dI5 domain differenti- tion is that dorsal commissural interneurons would be
born before netrin-1 is upregulated dorsally. Interest-ate as dI3 neurons in Lbx1 mutants, but not dI1 neurons?
One possibility is that dI1 neurons may require a high ingly, dorsal commissural interneurons are among the
first neurons to develop in the spinal cord (Holley, 1982),level of BMP/GDF7 signaling and/or expression of
Math1 in their precursors (Liem et al., 1997; Bermingham and most are born before E11.5 in the mouse.
et al., 2001), thereby effectively limiting their generation
zone to a domain adjacent to the roof plate. The above Transcriptional Control of Pain Pathway
Developmentmodel is also consistent with prospective dI6 neurons
adopting a dI4 fate in Lbx1 mutants. However, the fate Our findings and those of Mu¨ller et al. (2002) in this issue
of Neuron reveal that Lbx1 plays a key early role in theof dI6 neurons in Lbx1 mutants still needs to be clarified,
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Rivard et al., 2001). The following commercially available antibodiesdevelopment of central pain pathways. In Lbx1 mutants,
were used: En1/2, Isl1/2, Lhx1/5, Pax6, Pax7 (Developmental Stud-many of the interneuron cell types in the substantia
ies Hybridoma Bank), calbindin, GABA (Chemicon), GFP (Moleculargelatinosa innervated by nociceptive afferents are miss-
Probes), BrdU (Harlan), and Pax2 (Zymed). The anti-Chx10 and anti-
ing (Figure 4). Although we were unable to directly as- LIM3 (guinea pig polyclonals) antibodies were a gift from Sam Pfaff.
sess the fate of the lamina II PKC neurons implicated Antibodies to Lmx1b and Lhx2/9 were provided by Tom Jessell.
TrkA and TrkC rabbit polyclonal antibodies were provided by Louin neuropathic pain (Malmberg et al., 1997), their ab-
Reichardt. Antibody stainings of sections were performed as pre-sence in the dorsal horn of DRG11 mutants (Chen et al.,
viously described (Gross et al., 2001). For in situ hybridization, cryo-2001), coupled with the downregulation of DRG11 in
stat sections were hybridized with 35S-labeled Olf1 (Wang et al.,Lbx1 mutant embryos (Figure 4), argues that these cells
1997) and DRG11 (Saito et al. 1995) probes, as previously described
are missing in Lbx1 mutants. In addition to the wide- (Goulding et al., 1993). For TUNEL, ethanol-treated sections were
spread loss of excitatory and inhibitory association in- probed with the In Situ Cell Death Kit (Roche), according to the
manufacturer’s instructions.terneurons in the substantia gelatinosa, the dorsal gray
matter of Lbx1 mutants was devoid of TrkA sensory
BrdU Labelingafferent fibers (Figure 8). This suggests that Lbx1-
Pregnant dams were injected intraperitoneally with bromodeoxyuri-derived neurons in the substantia gelatinosa regulate
dine (5mg/ml in 0.9% saline injected to give 50g/g body weight.).a critical late step in sensory axon pathfinding during
Embryos were harvested, fixed for 60 min in 4% paraformaldehyde/
development. In particular, we noted that TrkA and 0.1M NaPO4 (pH 7.4), rinsed overnight at 4C in PBS, cryoprotected
CGRP fibers, while still able to project in the dorsal in 25% sucrose/PBS at 4C overnight, embedded in OCT (Tissue-
fasciculus, did not invade the dorsal horn (Figure 8; data Tec), and sectioned at 20 m. Sections were stained with a first set
of primary and secondary antibodies according to the standardnot shown).
procedure and were then processed for BrdU staining (Moran-Our analysis of Lbx1 mutants has revealed a number
Rivard et al., 2001). Sections were stained with anti-BrdU antibodiesof genes that lie downstream of Lbx1. These include
according to the normal protocol (Gross et al., 2001).
Lmx1b and Pax2, which are both maintained by Lbx1,
as well as Isl1, Foxd3, and Brn3a, which are repressed Retrograde Tracing
by Lbx1. Although it is not known whether Lbx1 directly E13.5 mouse embryos were harvested and dissected ventrally to
regulates any of these genes, the observation that Lbx1 reveal the spinal cord. One side of the ventral spinal cord was cut
at the level of T1, and a crystal of lysine fixable rhodamine-conju-induces Pax2 in the chick neural tube in a cell-autono-
gated 3000 MW dextran (Molecular Probes) was applied to the cutmous manner (Figure 5) is consistent with Pax2 being
site. Embryos were incubated in transport solution (137 mM NaCl,a direct transcriptional target of Lbx1. The observed
5 mM KCl, 2 mM CaCl2, 1 mM MgCl2, 0.2% w/v glucose, 1mMchanges in Olf1, Olf2, and DRG11 expression in Lbx1 NaH2PO4, and 24 mM Na bicarbonate [pH 7.4]) at room temperature
mutant embryos place these genes downstream of Lbx1 with a slow stream of 95%O2/5%CO2. After 8 hr, embryos were fixed
(Figure 4; data not shown). However, it is unclear and processed for cryosectioning.
whether Olf1/2 or DRG11 are directly regulated by Lbx1
or if they are instead regulated by Pax2 and Lmx1b. The In Ovo Electroporation
A cDNA fragment encoding the full-length Lbx1 protein was clonedobservation that DRG11 is no longer expressed in the
upstream of IRES-GFP in a modified pCAX expression vector underdorsal horn of Lmx1b mutants (Chen et al., 2001) sug-
the control of the chick -actin promoter to give pLbx-IRES-GFP.gests an indirect relationship in which Lmx1b mediates
Neural tubes of stage 11–12 chick embryos were injected with pLbx-
the Lbx1-dependent regulation of DRG11 (Figure 10). IRES-GFP DNA (4 mg/ml with 0.2% fast green). Embryos were then
The relationships and interactions between Lbx1 and electroporated with a BTX Electro Square Porator T820 (Dottori et
al., 2001). Stage 20 embryos were harvested and scored for GFPother transcription factors in the dorsal neural tube are
expression. Embryos with high levels of GFP fluorescence in thenot known. Future studies aimed at dissecting these
neural tube were fixed in 4% paraformaldehyde/PBS, processed fortranscriptional pathways should yield important insights
cryosectioning and stained with antibodies.into the molecular mechanisms that control the develop-
ment of somatosensory circuits in the spinal cord.
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